Sindbis virus (SV) is an alphavirus used as a model for studying the pathogenesis of viral encephalitis. In this study we examined the effects and the mechanisms involved in the apoptosis induced by SV in PC-12 cells, and the role of a vFLIP in this process. Infection of PC-12 cells with a neurovirulent strain of SV, SVNI, induced cell apoptosis. Overexpression of vFLIP encoded by the HHV-8 or treatment with a caspase-8 inhibitor inhibited cell apoptosis. SVNI induced an increase in the expression of tumor necrosis factor a (TNF-a), and pretreatment of the cells with an anti-TNF-a blocking antibody or with soluble TNF-a receptor abrogated the apoptotic effect of SVNI. Moreover, TNF-aR1 knockout mice were more resistant to the cytopathic effects of the virus as compared to control animals. Our results indicate that the apoptosis induced by SVNI is mediated by activation of caspase-8, and that TNF-a plays an important role in the apoptotic response. Cell Death and Differentiation (2001) 8, 1224 ± 1231.
Introduction
Apoptosis is a genetically preprogrammed controlled process of cell death, which plays an important role in organogenesis and tissue homeostasis. 1 Various cellular signals, including growth factor withdrawal, receptor ligation, drug treatment, radiation and virus infection induce apoptotic cell death. 2 ± 4 Viruses have been reported to modify the ability of the cells to undergo apoptosis. 5, 6 In most cases, cell apoptosis following viral infection is used as a defense mechanism by the host cells, since it limits virus production and prevents neighboring cells from being infected by progeny virions. 5 Thus, most animal viruses have evolved strategies to evade or delay early apoptosis by induction of endogenous anti-apoptotic cellular proteins or by insertion of anti-apoptotic genes encoded by the viruses themselves. 5 In these cases the cells may survive viral infection, and persistent virus infection can be established. Conversely, a growing number of viruses actively induce apoptosis at late stages of infection, thus allowing to disseminate progeny viruses while also avoiding host immune inflammatory and immune responses. 5 Such virally induced apoptosis most likely contributes to pathogenesis of virus infection.
Sindbis virus (SV), a neurotropic alphavirus of the Togaviridae, is a classical model to demonstrate the central role of apoptosis in the virus infectious process. 7 Experimental SV infections of cultured cells result in either persistent or lytic infection depending on the cell type and the virus strain. 7, 8 SV lytic infection triggers programmed cell death, however overexpressed inhibitors of apoptosis, such as the BCL-2 protein, may protect cultured cells from virus-induced apoptosis of certain SV strains and shift the infectious cycle from a lytic to a persistent phase. 9 Similarly, overexpression of antiapoptotic genes (e.g., bcl-2, beclin, and crmA) in virally infected neurons in vivo reduces mice mortality from SV infection. 10 Furthermore, induction of apoptosis in neurons of mouse brains and spinal cords correlates with the neurovirulence of the virus strain and with mortality in mice, indicating that apoptosis may have a primary role in the pathogenesis of the virus. 11 Recently, based on the usage of synthetic peptide caspase inhibitors and CrmA (a cowpox virus-encoded inhibitor of caspase-1), SV-induced apoptosis was reported to be mediated by activation of the death pathway utilized by Fas and TNF-a, through the activation of caspases. 5, 12 Apoptosis induced by ligation of death receptors, such as the tumor necrosis factor receptor-1 (TNFR-1), TRAMP, and CD95 (Fas/Apo-1) is associated with the formation of a death-inducing signaling complex (DISC). 13 Death receptors commonly contain a`death domain' (DD) within their cytoplasmic portion, which can recruit an adapter molecule that contains a DD and a`death effector domain' (DED). 13, 14 The resulting signaling complex triggers activation of the caspase apoptotic pathway through interaction of DED motifs of the adapter molecules with corresponding motifs of the death protease FLICE (caspase-8/Mch5/ MACH). 13, 15 A new class of inhibitors of death receptormediated apoptosis, FLICE-inhibitory proteins ± FLIPs, was recently found to be encoded by several viruses 16, 17 and later as cellular proteins (termed also FLAME-1/CLARP/ MRIT/I-FLICE/CASH/Usurpin).
18 ± 20 FLIP proteins contain two DED domains (also present at the carboxyl terminus of FADD and in the amino terminus of FLICE), 17 however they appear to serve as dominant-negative inhibitors of FLICE activation by competing with effectors of this bridging network.
In this study we examined the mechanisms involved in the apoptosis induced by a highly neurovirulent SV strain (SVNI) in PC-12 cells. 21, 22 We show that the apoptosis triggered by SVNI infection can be inhibited by the expression of vFLIP protein and that TNF-a plays a role in the apoptotic process.
Results

Overexpression of vFLIP in PC-12 cells
In a recent study it has been reported that SV induces apoptosis via a caspase-mediated CrmA sensitive pathway, thus suggesting similarity to the apoptotic pathway induced by members of the TNF-R superfamily. 12 Since various members of the flip family have been reported to prevent cell apoptosis induced by this pathway 17, 19, 23 we examined the effect of vFLIP encoded by the HHV-8 on the apoptosis induced by SVNI in PC-12 cells.
PC-12 cells were stably transfected with vFLIP expression plasmid tagged to His-tag or with an empty vector. To examine the vFLIP protein expression in the transfected cells, we analyzed by Western blot two pooled cultures and two different overexpressing clones for vFLIP as well as for the vector controls. Figure 1 illustrates a representative Western blot analysis of the vector control (CV1 and CV2), two clones of PC-12 cells overexpressing vFLIP (PC12Flip1 and PC12Flip6) and two-pooled vFLIP transfected cultures (PC12P1 and PC12P2). Using a rabbit antiHis antibody we detected a 26 kDa band that appeared only in the clones expressing vFLIP, whereas no expression was observed in the control vector cells.
vFLIP protects cells from apoptosis induced by TNF-a and SVNI
Since vFLIP has been shown to inhibit TNF-a mediated apoptosis, we first examined the ability of vFLIP to protect PC-12 cells from apoptosis induced by TNF-a. Treatment of the control vector cells or the parental PC-12 cells with TNF-a (60 ng/ml) for 48 h induced cell apoptosis as determined by the anti-histone ELISA assay. In contrast, similar treatment of the PC12Flip1 and PC12Flip6 clones with TNF-a did not induce cell apoptosis ( Figure 2A ) and cell morphology was similar to that of untreated cells (data not shown).
We then examined the ability of vFLIP to protect cells from apoptosis induced by SVNI. Figure 2B 
Replication of SVNI in cells overexpressing vFLIP
To determine if vFLIP protects PC-12 cells from apoptosis by inhibiting virus replication, we performed plaque assay for measuring virus replication. PC-12 cells were infected with SVNI (5 M.O.I.) for 24 and 48 h. Using plaque assay we found that the replication of SVNI in control vector cells or cells overexpressing vFLIP was comparable after 24 and 48 h ( Table 1) .
Immunofluorescent staining of the cells with anti-SV antibody indicated that infection with SVNI resulted in similar staining of the control vector and the vFLIP overexpressing cells (Table 1) . Similar results were obtained with other clones of PC-12 cells overexpressing vFLIP (data not shown).
Caspase-8 inhibition blocks SVNI-induced apoptosis
Activation of different caspases is required for the effector phase during apoptosis. One of the possible targets of vFLIP is FLICE/caspase-8. 16 To delineate the role of caspase-8 in SVNI-induced apoptosis, cells were incubated in the presence of the specific caspase-8 inhibitor Z-IETD-FMK 24 for 1 h before virus infection and cell apoptosis was determined 48 h later. As presented in Figure 3 , the caspase-8 inhibitor (50 mM) reduced by 85% cell apoptosis induced by SVNI, implying that the activation of caspases is a central mechanism in SVNIinduced cell death. Higher levels of the inhibitor were toxic for the cells and induced cell death (data not shown). To determine the effect of Z-IETD-FMK on virus replication, we performed plaque assay in cells infected with SVNI for 24 and 48 h. As shown in Figure 3B , the caspase 8 inhibitor did not affect the replication of SVNI in either time point. In a recent study we reported that SVNI induced TNF-a production from glial cells, whereas a non-virulent strain, SVA had no significant effect on TNF-a production. 25 Since TNF-a has been implicated as a mediator of cell apoptosis following virus infection, 26 and since vFLIP protected PC-12 cells from both TNF-a and SVNI-induced apoptosis, we examined the role of this factor in the apoptosis induced by SVNI.
We first examined the effect of SVNI on TNF-a production in PC-12 cells. Infection of PC-12 with SVNI induced a large increase in the level of the mRNA of this factor as measured by semi-quantitative RT ± PCR ( Figure 4A ). In contrast, the non-virulent strain SVA, did not increase the expression of TNF-a mRNA in PC-12 cells (data not shown). TNF-a protein was measured in the supernatants of SVNI-infected PC-12 cells by ELISA ( Figure 4B ). Untreated PC-12 cells did not produce detectable levels of TNF-a. Infection of the cells with SVNI induced a large increase in TNF-a production. Initial increase in TNF-a was observed 12 h following infection and plateau levels were obtained 24 h following infection. The production of TNF-a by SVNI infected cells preceded the onset of the apoptosis induced by the virus. The production of TNF-a in cells overexpressing vFLIP was determined after 12 (data not shown) and 24 h ( Figure 4C ) and was similar to that of control cells ( Figure 4C ). The role of TNF-a signaling in the pathogenesis of SVNI was further examined using TNFa-R1-deficient mice. TNFa-R17/7 and wild type C57BL/6 mice were inoculated intracerebrally with SVNI (100 P.F.U.) and were then observed for paralysis and mortality. Our results indicate ( Table 2) that following SVNI infection, all the infected control mice died after 7 days. In contrast, only 15.8% of the TNFa-R17/7 mice died and 41% of the mice developed paralysis. The paralysis of the knockout mice was observed after 7 days of infection as compared to 4 ± 5 days in the control mice, and the mortality started after 9 ± 11 days.
TNF-a plays a role in the apoptosis induced by SVNI
Discussion
In the present study we used the vFLIP encoded by the gammaherpesvirus HHV-8 ORF K13 gene as a probe to investigate the molecular mechanisms involved in SVNIinduced apoptosis. We demonstrated that overexpression of vFLIP in PC-12 cells protected these cells from apoptosis induced by SVNI, suggesting that replication of this virus activates apoptotic pathways employed by the TNF-a receptor superfamily.
We further investigated the role of apoptosis in SVNI replication. Looking at virus progeny release we found comparable amounts of virions and protein released from SVNI-infected cells expressing vFLIP and control cells. Thus, vFLIP prevented neuronal cell death with no effect on the progeny virus production, unlike the anti-apoptotic protein Beclin, which inhibited neuronal cell death induced by SV and reduced SV replication. 10 These results also indicate that efficient SVNI replication in culture does not depend on the induction of apoptosis as was demonstrated for HIV. 27, 28 Unlike Semliki Forest virus 29 and influenza virus 30 the inhibition of apoptosis does not limit virus growth, and therefore does not have an anti-viral effect. Thus, we conclude that apoptosis in SVNI-infected host cells in vitro is not necessary for efficient virus replication.
Nava and colleagues reported that SV induced caspase activation and cleavage of intracellular target proteins in a manner that was characteristic of other cell death stimuli. 12 They also showed that treatment with a broad inhibitor of cysteine proteases, expression of CrmA, or expression of Bcl-XL impaired virus-induced apoptosis. 12 Similarly, we found that treatment of PC-12 cells with a caspase-8 inhibitor prevented virus-induced apoptosis, indicating that caspase-8, which is an important initiator that activates downstream caspases, is involved in the induction of cell death by SVNI infection.
We noticed a remarkable parallelism between SVNI and TNF-a regarding their abilities to induce apoptosis in PC-12 cells and their failure to do so in PC-12 expressing vFLIP. These findings suggest that TNF-a may play an important role in the apoptosis induced by SVNI. Indeed, in line with these observations, we found that infection of PC-12 cells with SVNI induced the production of TNF-a and treatment of the cells with anti-TNF-a antibody or with soluble TNF-a receptor significantly abrogated cell death induced by viral infection. Moreover, the non-neurovirulent strain SVA, which does not induce cell apoptosis, did not increase TNF-a production.
Several virally encoded FLIP genes have been identified in certain gammaherpesviruses as well as in the tumorigenic human molluscum contagiousum virus (MCV68). Cells expressing viral FLIPs encoded by the HHV-8, equine herpesvirus 2 (EHV-2), bovine herpes virus 4 (BHV-4) or MCV68 (vFLIP, E8, BORFE2, MC159, respectively) are protected from CD95 (Fas) and TNFR-1 induced apoptosis. 16, 23, 31 Furthermore, MC159 and E8 inhibit cell death mediated by overexpression of the downstream adapters TRADD and FADD. 16, 23 Neither viral molecule inhibits FLICE-induced cell death, implying that once FLICE is Figure 5 Anti-TNF-a antibodies and soluble TNF-a receptor inhibit apoptosis induced by SVNI in PC-12 cells. Cells were infected with SVNI in the absence and presence of a blocking anti-TNF-a antibody (1.5 mg/ml) (A) or soluble TNFa receptor (1.0 mg/ml) (B). Cell apoptosis was determined 48 h later using propidium iodide staining and FACS analysis. *P50.001, **P50.002 16 Substantial inhibition of TNFR-1-induced cell death, comparable with other characterized inhibitors such as CrmA and dominant negative FLICE was reported for c-FLIP. 16 TNF-a is a proinflammatory cytokine that can selectively act to either activate or inhibit programmed cell death. 32 The overall effects of TNF-a appear to be modulated by a protein complex bound to the cytoplasmic tail of the TNF-a receptors. 32 Evading cytolysis by TNF-a is an important aspect of various DNA and RNA viruses. 33 Thus, several viruses, such as HHV-8, developed mechanisms to inhibit death receptor signaling which may facilitate the establishment of a persistent viral infection, or extend cell survival during productive infection to allow increased yields of virus progeny. 5, 17, 23 There is also evidence that TNF-a can enhance the replication of some viruses such as HIV-1 and hepatitis C virus (HCV).
6,34,35 TNF-a has been shown to be an important mediator of the pathogenesis of several viruses such as Newcastle disease virus, 36 human herpesvirus-6, 37 HCV 35 and African swine fever virus. 26 We found that, infection with SVNI induced the production and secretion of TNF-a which in turn induced a characteristic receptor mediated programmed cell death. Moreover, TNF-aR1 deficient mice were resistant to fatal virus infection further suggesting an important role for TNF-a in the pathogenesis of SVNI-induced encephalitis. Possible pathophysiological roles of TNF-a in fatal SVNI infection include induction of neuronal apoptosis and inflammatory and stress responses in the CNS. The role of apoptosis in virus life cycle and in the outcome of in vivo infection is not clear, however it is reasonable to assume that it may allow an efficient spread of progeny viruses with limited inflammatory response at the end of the infection cycle. In this respect, elevated production and secretion of TNF-a can indirectly activate apoptosis in uninfected cells that may augment the pathogenicity of the viral infection.
The detailed mechanisms by which vFLIP functions to inhibit Sindbis virus-induced neuronal cell death are currently unknown. Further studies on the mechanisms by which vFLIP interferes with cell death will provide insights into the apoptosis cascade induced by Sindbis virus infection.
Materials and Methods
Materials
The caspase inhibitor Z-IETD-FMK was purchased from Calbiochem (Darmstadt, Germany). TNF-a ELISA kit was from Biosource (Camarillo, CA, USA), neurotralizing anti-TNF-a antibody and soluble TNF-a receptor I were purchased from Research Diagnostics Inc (Flanders, NJ, USA). TNF-aR17/7 mice were purchased from Jackson Laboratories.
Viruses
Variants of Sindbis virus used in this study were previously described. 21 Briefly, the neurovirulent strain SVNI was isolated by serial passages of a SV strain in brains of suckling and weanling mice.
The non-neurovirulent variant, SVA, has been isolated by plaque purification of the same original SV strain. The Vero monkey kidney epithelial cell line was grown in Modified Eagle's Medium (MEM) supplemented with 10% fetal bovine serum (FBS).
Virus plaque assay in Vero cells
For quantification of SV in Vero cells, the original plaque technique was performed as already described. 38 Briefly, a dilution of virus was added to Vero cell monolayers in petri dishes and incubated at 378C for 1 h to permit viral absorption. The monolayer was overlaid with MEMx2 and tragacnath (Gum tragacnath Grade III, Sigma) containing 2% FBS and 2.4% NaHCO 3 . Cultures were incubated (378C, 5% CO 2 ) for 48 h and plaques were counted after staining with 0.05% neutral red. 39 In vivo studies TNFaR17/7 (TNF-aR1) mice 40 and C57BL/6 control mice (4 weeks) were inoculated intracerebrally with 100 P.F.U. SVNI in 30 ml saline. Cells were observed for 21 days and the degree of paralysis and mortality was determined.
vFLIP expression plasmid 
PC-12 cell culture, transfection and infection
Rat pheochromocytoma PC-12 cells were grown in DMEM supplemented with 10% horse-serum, 5% heat-inactivated FBS, 2 mM glutamine, penicillin (50 U/ml) and streptomycin (0.05 mg/ml). 1610 5 cells/ml were seeded on tissue culture dishes (10 cm 2 ) and transfected with either the empty vector or with the vFLIP expression vector using Lipofectamine (Gibco BRL Life Technologies, Gaithersburg, MD, USA) as described elsewhere. 41 Experiments were routinely carried out on one pool and two clones of stable transfected cells.
For virus infection, growth medium was removed from the cultures and replaced with 10% volume of medium containing virus (5 M.O.I.). Viruses were absorbed to the cells for 1 h at 378C, after which they were removed and the cultures were washed twice. Fresh growth medium was added and the cultures were incubated at 378C.
Preparation of mRNA and RT ± PCR analysis
Total RNA was extracted from PC-12 cells with TRI Reagent (MRC, Cincinnati, OH, USA) according to Chomczynski and Sacchi. 42 Five micrograms of total RNA was reverse-transcribed into cDNA with an Expand TM Reverse transcriptase (Boheringer, Germany), using 100 pmoles of the Oligo(dT) 15 according to protocol provided by manufacture.
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Relative levels of TNF-a mRNA and of the ribosomal protein S-12 mRNA were measured using a semi-quantitative reverse transcriptase (RT) ± PCR. The cDNA product, 1 mg ± for PCR with TNF-a primers and 0.25 mg ± for PCR with S-12 primers, was resuspended in a total volume of 50 ml containing 1 units of Taq DNA polymerase (Appligene, France), 200 mM each of dATP, dCTP, dGTP, dTTP, 16reaction buffer provided by the manufacture and 50 pmol of both forward and reverse primers. TNF-a fragment (374 bp) was obtained using the following primers for the murine TNF-a: 3'-TTGACCTCAGCGCT-GAGTTG; 5'-CCTGTAGCCCACGTCGTAGC. Primers span exonintron junctions as not to amplify contaminating genomic DNA. Amplification step consisted of 958C for 3 min and the indicated number of cycles of 958C for 30 s, 558C for 1 min and 708C for 1 min. Each cDNA was amplified in serial of 25, 30 and 40 cycles to obtain data within the linear-range of the assay. These conditions were optimal for reverse transcription and amplification of TNF-a (40 cycles) and S-12 (25 cycles). PCR products were size-fractionated by electrophoresis on 1.5% agarose gels and ethidium-bromide stained.
Measurement of TNF-a production
Supernatants of controls and SVNI infected PC12 cells were collected and levels of TNF-a were determined by a commercial ELISA kit (Biosource, Camarillo, CA, USA). The sensitivity of TNF-a detection in this assay system was about 10 ± 20 pg/ml.
Preparation of cell homogenates
Cells were washed and resuspended in serum-free medium. The plates were placed on ice, scraped with a rubber policeman and centrifuged at 1400 r.p.m. for 10 min. The supernatants were aspirated and the cell pellets were resuspended in 100 ml of lysis buffer (25 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.5% Na deoxycholate; 2% NP-40; 0.2% SDS; 1 mM PMSF; 50 mg/ml aprotinin; 50 mM leupeptin; 0.5 mM Na 3 VO 4 ) on ice for 15 min. The cell lysates were centrifuged for 15 min at 14 000 r.p.m. in an Eppendorf microcentrifuge; the supernatants were removed and 26sample buffer was added to them.
Immunoblot analysis
Lysates (30 mg protein) were subjected to SDS ± PAGE (10%) followed by transfer to nitrocellulose membranes. A similar protein content of the different samples was verified by staining the membranes with 0.1% Ponceau S solution in 5% acetic acid. The nitrocellulose membranes were blocked with 5% dry milk in phosphate-buffered saline and subsequently stained with the primary antibody. Specific reactive bands were detected using a goat anti-rabbit or goat antimouse IgG conjugated to horseradish peroxidase (BioRad, Hercules, CA, USA) and the immunoreactive bands were visualized by the ECL Western blotting detection kit (Amersham, Arlington Heights, IL, USA).
Measurement of apoptosis
Cell apoptosis was measured using propidium iodide (PI) staining and analysis by flow cytometry or by ELISA using anti-histonel antibodies. Cells (1610 6 /ml) were plated in 6-well plates and treated with the indicated treatments for 24 h. For PI staining, detached and trypsinized adherent cells were pooled, fixed in 70% ethanol for 1 h on ice, washed with PBS and treated for 15 min with RNAse (50 mM) at room temperature. Cells were then stained with propidium iodide (5 mg/ml) and analyzed on a Becton-Dickinson cell sorter. Cells in the sub-G1 population were considered as apoptotic cells. For antihistonel ELISA, fragmented DNA was extracted from the cells and was incubated in 96-well plates coated with anti-histone 1 antibodies for 2 h. Plates were then washed and incubated with anti-DNA antibodies conjugated to peroxidase for an additional 2 h.
Statistical analysis
The results are presented as the mean values+S.E. Data were analyzed using ANOVA and a paired Student's t-test to determine the level of significance between the different groups.
